La bo ra t o ry2, Ag r i cu It u ra I Research Service-USDA, Beltsville, MD 20705, USA Strawberry plants exhibiting symptoms of stunting and abnormally small leaves were observed in production fields in central Florida, USA. Since the symptoms were suggestive of phytoplasma infection, plants were assayed for presence of phytoplasma by PCR amplification of 165 rDNA and ribosomal protein (rp) gene sequences. Amplification of phytoplasma-specif ic DNA sequences b y PCR indicated infection of the diseased strawberry plants by phytoplasmas. RFLP analyses of amplified 16s rDNA revealed that the plants were infected by two mutually distinct phytoplasmas that differed from strawberry green petal phytoplasma (group 16Srl-C). Both phytoplasmas were members of 165 rRNA gene group I (16Srl). Based on RFLP analysis of amplified 165 rDNA and rp gene sequences, one was classified in group 16Srl subgroup I and new rp subgroup 16SrH(rp); its 165 rRNA-rp subgroup was designated 16SrI-K(rr-rp). The second phytoplasma represented a previously undescribed subgroup, designated K, in 165 rRNA group I but belonged to rp subgroup 16Srl-J(rp); this phytoplasma's 16s rRNA-rp subgroup was designated 16Srl-J(rr-rp). Results of RFLP analyses agreed with putative restriction site maps based on nucleotide sequences determined for the amplified 165 rDNAs and rp gene operon DNAs. Further evidence indicated that the 16SrI-K(rr-rp) strawberry phytoplasma, Mexican periwinkle virescence phytoplasma and stol bur phytoplasma shared sequence homologies that enabled amp1 if ication of DNA from all three by PCR using primers previously designed as stolburspecific.
INTRODUCTION
Strawberry (Fragaria x ananassa Duch.) is affected by described, little is known about the identity of phytoplasmas that may be causally associated with the diseases. several diseasesthat are presumed to be caused by phytoplasmas (formerly mycoplasma-like organisms, MLOs). These diseases include green petal, multiplier disease, witches' broom and others (1 1) . Although several diseases and symptom syndromes have been A possibly phytoplasma-related disease has been observed in strawberry in Florida, USA, where strawberries are grown for fruits primarily for the shipping market. During the winter production season in 1995-6. Florida's strawberry production was in excess of 65000 t of fruit on 2700 ha of land, primarily in central Florida. Although the production represented less than 10% of the national annual production, its value at the farm gate was approximately $105 million To obtain fruit production in Florida in DecemberMarch, most transplants, which are short-day types that require some chilling to initiate flower buds (7) .
METHODS
Plant samples and reference phytoplasma strains. Samples of leaves were collected during March 1996 from five naturally infected strawberry plants (cv. Oso Grande) exhibiting symptoms of stunting and small leaves in the field in Florida. One sample (leaves and petioles) was taken from each plant ; the samples were labelled StrFL1-StrFL5. Phytoplasmas maintained in plants of periwinkle [ Catharanthus roseus L. (G.) Don] and used as references included Maryland aster yellows (AY = AY l), Canada X-disease (CX), Mexican periwinkle virescence (MPV), blueberry stunt (BBS = BBS1) from Michigan, and stolbur (STOL) phytoplasmas (6, 15) . PCR conditions and primers. Nucleic acid for use as template in PCR was extracted from fresh tissue by a previously described method (9) . After extraction, DNA was purified using GeneCleanIII kit as specified by the manufacturer (Bio 101). Five pairs of oligonucleotides were used to prime PCR. R16mF2/R1, R16F2n/R2, and Pl/P7, are phytoplasma universal primer pairs (3, 16) . Primer pair fSTOL/rSTOL was previously designed as a STOL phytoplasma-specific primer pair (12). Oligonucleotide pair rpFl/Rl primes amplification of phytoplasma ribosomal protein (rp) gene operon sequences (4, 10) . Both nested and direct, non-nested PCR were used. In nested PCR, DNA amplified in PCR primed by R16mF2/R1 was diluted 1 : 50 with sterile distilled water and used as template in PCR primed by R16F2n/R2. Primer pairs P1 /P7, fSTOL/rSTOL, and rpF 1 /R1 were used in direct, non-nested PCR only. All PCR was carried out in a final volume of 25 p1 under conditions as previously described (4, 9, 14) . PCRs were carried out for 35 cycles using the following parameters: 1 min (3 min for first cycle) denaturation at 94 "C, annealing for 2 min at 60 "C (55 "C for reactions using R16F2n/R2 or fSTOL/rSTOL), and primer extension for 3 min (10 min in final cycle) at 72 "C. Reaction mixtures devoid of templates were included in all experiments as negative controls. Resulting PCR products were analysed by electrophoresis through 1 % agarose gel, stained with ethidium bromide, and DNA bands visualized using a UV transilluminator. DNA fragment size standard was 1 kb ladder (Life Technologies).
RFLP analyses of amplified phytoplasma DNA. Products from nested PCR primed by R16F2n/R2 or non-nested PCR primed by rpFl/Rl were analysed by single enzyme digestion, according to manufacturers' instructions, with AluI, HhaI, KpnI (Life Technologies) and MseI, HpaI, HpaII, RsaI, Sau3A1, HaeIII, HinfI, DraI (New England Biolabs). The RFLP profile of digested DNA was analysed by electrophoresis through 5 % (for analyses of amplified 16s rDNA) and 5 or 8 % (for analyses of amplified ribosomal protein gene operon sequences) polyacrylamide gels, staining in ethidium bromide, and visualization using a UV transilluminator. DNA fragment size standards used were PhiX174 R F HaeIII digest (Life Technologies) and 1.6 kb ladder (MBI Fermentas). RFLP patterns were compared with those obtained using reference phytoplasmas in this study and with RFLP patterns previously published (9, 18).
Nucleotide sequencing and putative restriction site analysis.
PCR-amplified 16s rRNA gene and rp gene operon products were sequenced using standard dideoxy chain-termination methods. The nucleotide sequences determined in this study were deposited in the GenBank database. Other sequences used in this study were obtained from GenBank. Gene sequences from strawberry phytoplasmas detected in this study and from STOL (GenBank accession no. X76427) and Michigan aster yellows (MIAY, virescence of Oenothera hookeri) (GenBank accession nos M30790 and M74770) (10, 12) phytoplasmas were analysed to identify recognition sequences for selected restriction enzymes. Putative restriction site maps were generated by using the DNASTAR program MapDraw option (DNASTAR). Alignment of pairs of sequences were generated and sequence similarities evaluated by using the DNASTAR program Align option.
RESULTS

Detection and analysis of phytoplasma 165 rDNA in diseased strawberry
Based on amplification of 16s rDNA in nested PCR primed by phytoplasma universal primer pairs, phytoplasmas were detected in all five symptomatic strawberry plants examined. The five phytoplasma strains were named STRAWB 1 through STRAWB5, respectively, according to the number designation of the plant in which each was detected. Assignment of the phytoplasmas to groups and subgroups was accomplished initially by RFLP analysis of amplified 16s rDNA In contrast to the other four phytoplasmas detected in diseased strawberry plants, phytoplasma STRAWB2 could not be assigned to any previously described subgroup in group 16SrI. The AluI RFLP pattern of amplified 16s rDNA from phytoplasma STRAWB2 differed from that of all known reference phytoplasmas except BBS, but the HpaII RFLP pattern distinguished STRAWB2 from BBS phytoplasma (Fig. 2b) . Phytoplasma STRAWB2 was assigned to a new 16SrRNA subgroup, which we designate K.
STOL-specific primers in PCR
In a parallel study, N. A. Harrison (University of Florida, Ft Lauderdale) detected a phytoplasma in strawberry with symptoms of green petal in Florida and found that, in comparisons with other phytoplasmas, the nucleotide sequence of the 16s-23s rRNA gene spacer region from the phytoplasma was Other abbreviations are the same as for Fig. 1. most similar to that of STOL phytoplasma (N. A. Harrison, personal communication). We wished to determine whether the phytoplasmas in the strawberry plants in our study might contain a similar phytoplasma. Previously, PCR primers (fSTOL/rSTOL) were designed for specific detection of STOL phytoplasma (12). In the present work, use of this oligonucleotide primer pair in PCR resulted in amplification of an approximately 550 bp phytoplasmaspecific DNA in reaction mixtures containing template DNA derived from STOL and MPV phytoplasmas and from strawberry phytoplasmas STRAWB 1 and STRAWB3 (Fig. 3) . In contrast, no DNA amplification was observed when template DNA was derived from strawberry phytoplasma STRAWB2 (Fig. 3) . These results indicated that portions of rRNA operon sequences of phytoplasmas STRAWB 1 and STRAWB3, as well as of MPV phytoplasma, may be more closely similar to those of STOL phytoplasma than are those of AY and STRAWB2 phytoplasmas.
Amplification and RFLP analysis of phytoplasma rp gene operon sequences
Further analysis for identification of phytoplasmas in the diseased strawberry plants from Florida was accomplished by amplification and RFLP analysis of rp gene operon sequences. Use in PCR of a primer pair previously designed to prime amplification of phytoplasma rp gene sequences (1 0) AY (Fig. 4) . Interestingly, amplification of an approximately 1-3 kbp DNA was also observed when reaction mixtures contained template DNA derived from MPV and STOL phytoplasmas. Our RFLP analyses of amplified 16s rDNA had indicated that STRAWBl and STOL belonged to two different 16s rRNA subgroups. Since both STRAWB 1 and MPV belonged to the same 16s rRNA subgroup, rp gene operon sequences were amplified from MPV and subjected to MseI and AluI RFLP analyses for side by side comparisons with RFLP patterns of rp sequences from STRAWBl (Fig. 5) . Based on collective RFLP patterns of the amplified rp gene operon sequences, strain STRAWB 1 was distinguished from MPV phytoplasma and was classified in a previously undescribed rp gene subgroup, designated rp subgroup 16SrI-I(rp) ( Table 1) . When amplified rp gene operon sequences were analysed using MseI and AluI, collective RFLP patterns of DNA from STRAWB2 were the same as those observed for BBS phytoplasma (Fig.   , , . 6). Since BBS phytoplasma is a member of rp subgroup 16SrI-E (5), these results indicated that STRAWB2 might belong to rp subgroup 1 GSrI-E(rp). However, use of HhaI and HpaI in the RFLP analysis distinguished STRAWB2 from BBS phytoplasma (Fig.  6 ). On the basis of these results, phytoplasma STRAWB2 was classified as representative of a new rp subgroup designated 16SrI-J(rp) ( Table 1) .
Nucleotide sequences and putative restriction sites in amplified 165 rRNA and rp gene operon sequences
Results from comparative analysis of putative restriction sites in the sequenced DNAs are shown in Figs 7 and 8. Expected fragment sizes based on analysis of putative restriction sites were in excellent agreement with fragment sizes obtained by enzymic RFLP analysis of amplified 16s rDNA from STRAWBl and STRAWB2 (Fig. 7) and the rp gene operon sequence from STRAWBl and STRAWB2 (Fig. 8) . Strawberry phytoplasmas STRAWBl and STRAWB2 were distinguished from one another by the restriction site analyses of 16s rDNA and rp gene operon sequences. Both strawberry phytoplasmas were distinguished from STOL by the restriction site analysis of 16s rDNA (Fig. 7) . Sequence similarity of 16s rDNA from STRAWBl with aligned 16s rDNA from STRAWB2 was about 95.1 YO. Sequence similarity of 16s rDNA from STRAWBl with aligned 16s rDNA from STOL was about 95.2 %. Sequence similarity of 16s rDNA from STRAWB2 with aligned 16s rDNA from STOL was about 94.7 YO. These levels of sequence similarity indicate that the three phytoplasmas are mutually distinct.
DISCUSSION
Recently, Harrison et al. (6) reported the presence of three mutually distinguishable phytoplasmas in diseased plants of strawberry in Florida. One was comparable in RFLP patterns of amplified DNAs to clover phyllody and strawberry green petal phytoplasmas and was classified as a member of phytoplasma 16s rRNArr-rp group 16Sr1, subgroup C [ 16SrI-C(rr-rp)] (6). The remaining two phytoplasmas were classified, respectively, as members of group 16SrI-I(rr-rp) (MPV and related phytoplasmas) and of a new, undesignated, subgroup in group 1 GSrI(rr-rp) (6) . Our results also indicate that diseased strawberries in Florida were infected by phytoplasmas belonging to 16s rRNA group 16SrI. In contrast to the work by Harrison et al. (6) , neither phytoplasma STRAWBl nor STRAWB2 encountered in our study belongs to 16SrI-C(rr-rp) or to 16SrI-I(rr-rp). Based on the description of the unclassified new phytoplasma reported by Harrison et al. (6) , it was not possible to assess whether or not it is related to either STRAWBl or STRAWB2. Neither of the two mutually distinguishable group 16SrI phytoplasmas discovered in strawberry in the present study has been described previously. Whereas STRAWBl and MPV phytoplasmas were not distinguished from each other by analysis of DNA amplified in PCR using F2n/R2, it was interesting that these phytoplasmas could be distinguished from each other on the basis of RFLP analysis of a longer rDNA sequence that was amplified in PCR primed by P1 /P7. These results indicated that phytoplasma classifications of finer distinction may be aided by RFLP analyses of sequences that include the 3' end of the 16s rRNA gene, the 16s-23s rRNA gene spacer region, and the 5' end of the 23SrRNA gene in RFLP analyses, as in the case of DNA amplified by PCR using P1 /P7. (16) , in some cases primers capable of finer distinctions undoubtedly will be required to distinguish particular phytoplasmas of quarantine or epidemiological significance. The distinction made in this study between STRAWB 1, MPV and STOL phytoplasmas is significant, because the use in PCR of primer fSTOL/rSTOL, previously described as STOL-specific (1 2), resulted in the amplification of DNA from all three of these phytoplasmas. Our conclusion that these phytoplasmas are affiliated with two different 16s rRNA subgroups and probably three different rr-rp subgroups is consistent with significant phylogenetic divergence, as comprehensive phylogenetic studies have revealed for other phytoplasmas (4, 5, 15) . This paper and our previous communication (2) present the first results indicating that primer pair fSTOL/rSTOL is not completely specific for STOL phytoplasma, since it primes amplification of DNA from North American and Australian phytoplasmas that are phylogenetically distinct from STOL phytoplasma. Therefore, DNA amplification primed by fSTOL/rSTOL in the present work provided no evidence that STOL phytoplasma is present in North America. These findings illustrate that studies of phytoplasma host range and disease aetiology should not depend entirely on the use of this primer pair in PCR, but should be accompanied by other procedures for phytoplasma identification. This study describes two new phytoplasmas and establishes strawberry as a host for both. Although their possible causal relationships with disease symptoms in strawberry have not been established, partial characterization of new phytoplasmas in strawberries in this and a related study (6) provides background that should prove useful for further studies on the epidemiology and control of strawberry diseases.
